The olfm1a and olfm1b genes in zebrafish encode conserved secreted glycoproteins. These genes are preferentially expressed in the brain and retina starting from 16 h postfertilization until adulthood. Functions of the Olfm1 gene is still unclear. Here, we produced and analyzed a null zebrafish mutant of both olfm1a and olfm1b genes (olfm1 null). olfm1 null fish were born at a normal Mendelian ratio and showed normal body shape and fertility as well as no visible defects from larval stages to adult. Olfm1 proteins were preferentially localized in the synaptosomes of the adult brain. Olfm1 co-immunoprecipitated with GluR2 and soluble NSF attachment protein receptor complexes indicating participation of Olfm1 in both pre-and post-synaptic events. Phosphorylation of GluR2 was not changed while palmitoylation of GluR2 was decreased in the brain synaptosomal membrane fraction of olfm1 null compared with wt fish. The levels of GluR2, SNAP25, flotillin1, and VAMP2 were markedly reduced in the synaptic microdomain of olfm1 null brain compared with wt. The internalization of GluR2 in retinal cells and the localization of VAMP2 in brain synaptosome were modified by olfm1 null mutation. This indicates that Olfm1 may regulate receptor trafficking from the intracellular compartments to the synaptic membrane microdomain, partly through the alteration of post-translational GluR2 modifications such as palmitoylation. Olfm1 may be considered a novel regulator of the composition and function of the a-amino-3-hydroxy-5-methylisoxazole-4-propionate receptor complex.
Olfactomedin domain-containing proteins form a family consisting of at least 13 members in mammals (Anholt 2014; Tomarev and Nakaya 2009 ). This family can be subdivided into seven subfamilies on the basis of domain organization, expression patterns, and biochemical properties of individual members (Zeng et al. 2005) . Most of the family members are secreted glycoproteins with no well-defined functions. Myocilin, the only member in subfamily III, has been studied more than other family members mainly because mutations in the MYOCILIN gene can lead to primary open angle glaucoma, one of the leading causes of blindness (Adam et al. 1997; Stone et al. 1997) . The MYOCILIN gene is preferentially expressed in non-neuronal tissues showing the highest levels of expression in the trabecular meshwork and sclera of the eye (Adam et al. 1997; Torrado et al. 2002) . Olfactomedin 1 (Olfm1), also known as noelin in chicken and Xenopus, pancortin in mice, olfactomedinrelated glycoprotein in rats, and hOlfA in humans, is a highly conserved secreted glycoprotein that is structurally similar to Olfactomedin 2 (Olfm2) and Olfactomedin 3 (Olfm3) proteins (Tomarev and Nakaya 2009 ). These three proteins form subfamily I and are preferentially expressed in neuronal tissues including retina. In most neuronal tissues tested, the level of Olfm1 gene expression is higher than the levels of Olfm2 and Olfm3 expression (Sultana et al. 2011) .
Although functions of Olfm1-3 proteins are still poorly understood, available data suggest that Olfm1 plays a role in axon growth in mice (Nakaya et al. 2012) , maintenance of neuronal precursor cells in Xenopus (Moreno and BronnerFraser 2005) , neural crest production in chicken (Barembaum et al. 2000) , and optic nerve arborization in the optic tectum in zebrafish (Nakaya et al. 2008) . The identification of the protein complexes containing Olfm1 led to several new ideas concerning possible functions of Olfm1-3. In particular, it has been shown that Olfm1-3 are components of the aamino-3-hydroxy-5-methylisoxazole-4-propionate receptor (AMPAR) complex (Nakaya et al. 2013; Schwenk et al. 2014 Schwenk et al. , 2012 Shanks et al. 2012; Sultana et al. 2014) . The AMPAR is the major ionotropic glutamate receptor responsible for the fast excitatory synaptic transmission, postsynaptic plasticity, and synapse development in the central nervous system (Henley and Wilkinson 2016; Huganir and Nicoll 2013) . More than 30 proteins have been identified in the AMPAR complex (Schwenk et al. 2014 (Schwenk et al. , 2012 Shanks et al. 2012 ) and published data demonstrate that its properties and functions depend upon protein composition of the complex (Haering et al. 2014; Straub and Tomita 2012) .
One possible approach to elucidate the functional roles of Olfm1-3 in AMPAR is to produce and analyze null mutants of the corresponding genes. The presumptive Olfm1 knockout mice actually express a truncated form of Olfm1 with a deletion of 52 amino acids in the central part of the protein molecule (Cheng et al. 2007; Nakaya et al. 2013) . Recently, we generated Olfm2 knockout mice and demonstrated that they were viable and produced at the normal Mendelian ratio. At the same time, Olfm2 null mice had mildly impaired visual, olfactory, and motor functions and demonstrated reduced levels of several components of the AMPAR complex (Olfm1, PSD95, and CNIH2) in GluR2 immunoprecipitates from the synaptosomal membranes (Sultana et al. 2014) . No Olfm1 complete knockout has been described.
Here, we report the production and characterization of olfm1 null zebrafish. Zebrafish have two olfm1 genes, olfm1a and olfm1b, that demonstrate overlapping expression patterns (Nakaya and Tomarev 2007) . We demonstrate that Olfm1 is a lipid raft protein in the brain that interacts not only with AMPAR proteins but also with pre-synaptic soluble NSF attachment protein receptor (SNARE) complex proteins. The knockdown of two olfm1 genes modified the composition of lipid raft proteins in vivo and internalization of GluR2 in neuronal cultures in vitro.
Materials and methods

Reagents and antibodies
Antibodies and their working dilutions are listed in Table 1 . AMPA and tricaine were purchased from Sigma.
Animals
All animals used in the experiments were managed according to the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research. All experiments using animals were approved by the NEI Animal Care and Use Committee. Zebrafish were maintained as previously described (Nakaya et al. 2008) . olfm1a sa221 and olfm1b sa157 were provided by the Welcome Trust Sanger Institute and backcrossed several times with wild-type (WT) TL strain fish. Adult (6-12 months old) male and female zebrafish were used for this study. For genotyping, genomic DNA was extracted from individual fish tail or larva body trunk using KAPA Express Extract (KAPA biosystems). Olfm1a and b genomic DNA sequences are available at Genbank (NC_007116 and NC_007132). Target sequences (~600 bp) were amplified by PCR using the following primers and sequenced for each olfm1a and b point mutations: olfm1a-FW: 5'-GCATCAACTGGCCAAAAACACTCA-3' olfm1a-RV: 5'-CCAAAGCGAACTCCCCTCAGAA-3' olfm1b-FW: 5'-CGGGACCAGACCCTCTCTGTCTAA-3' olfm1b-RV: 5'-CGCGGAATTGCATCATTGTCTATC-3' For conventional genotyping, single nucleotide polymorphism detection assays for these particular point mutations were designed by Invitrogen and used for allele discrimination analysis by quantitative real-time PCR (Q-PCR) (Applied Biosystems, Foster City, CA, USA). This study was not pre-registered.
Western blotting
Tissues were lysed in the lysis buffer [10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% NP40, 10% glycerol, 5 mM NaF, 0.5 mM sodium orthovanadate, protease inhibitor cocktail (Sigma, St Louis, MO, USA), halt phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA)]. The lysed tissues were spun at 14 000 g for 5 min, soluble supernatants were collected and protein concentrations were measured by the bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA, USA). The extracted proteins (2 lg) were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (Invitrogen, Carlsbad, CA, USA) and transferred to a polyvinylidene difluoride membrane (Invitrogen). The membranes were incubated with a primary antibody followed by incubation with a secondary antibody conjugated to horseradish peroxidase (HRP). The HRP signals were detected using a chemi-luminescence detection kit (SuperSignal Femto Dura Extended Duration Substrate, Pierce, Rockford, IL, USA) and FluorChem M (Protein Simple, San Jose, CA, USA). All western blotting experiments were repeated at least three times and protein expression levels were quantitated using Alpha View software (Protein Simple).
Co-immunoprecipitation
Primary antibodies (10 lg) were cross-linked to protein A/G agarose beads using a crosslink IP kit (Pierce). Fish brain or retina lysates were incubated with primary antibody beads or control rabbit or mouse IgG beads at 4°C overnight. The beads were washed five times with a lysis buffer and proteins bound to the beads were eluted with an elution buffer (60 lL) provided with the IP kit. All coimmunoprecipitation experiments were repeated at least three times.
Tissue fractionation
Zebrafish whole brain or retina lysates were fractionated as described previously (Hallett et al. 2008) . Briefly, for the synaptic membrane fraction, brains were homogenized in an ice-cold TEVP buffer (10 mM Tris base, 5 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA, 1x protease inhibitor cocktail, pH 7.4) containing 320 mM sucrose and centrifuged to separate supernatant (S1) and precipitate (P1) fractions for 10 min at 800 g at 4°C. The S1 fraction was further centrifuged for 15 min at 9 200 g at 4°C to separate supernatant (S2) and precipitate (P2) fractions. The crude synaptosomal P2 fraction was re-suspended in TEVP buffer containing 35.6 mM sucrose and then centrifuged for 20 min at 25 000 g at 4°C to separate supernatant (LS1) and precipitate (LP1) containing the synaptosomal membranes. The LS1 fraction was further centrifuged for 1 h at 65 000 g to isolate the synaptic vesicle LP2 fraction. The S2 fraction was also centrifuged for 1 h at 65 000 g to isolate the light membrane P3 fraction and cytosolic S3 fraction.
Palmitoylation assay
The palmitoylation of proteins was analyzed as described (Brigidi and Bamji 2013) . The brain LP2 fraction was suspended in the lysis buffer containing 50 mM N-ethylmaleimide. The lysate was mixed with proteinA/G agarose crosslinked with anti-Olfm1 or anti-GluR2 antibody as described above overnight at 4°C. After washing, the beads were resuspended in lysis buffer (pH7.2) and treated or untreated with 1M hydroxylamine for 1 h at 20-22°C. The beads were again washed and free thiol residues were crosslinked with 1-
butane (EZ-Link BMCC-Biotin) in lysis buffer (pH6.2) for 1 h at 4°C. The beads were finally washed with lysis buffer three times and all proteins were eluted with elution buffer (pH2.8). Biotin-crosslinked proteins were separated on an 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis gel and detected with horse radish peroxidase (HRP)-conjugated streptoavidin.
Internalization assay
Eyes were dissected from 32 hpf embryos. A lens was removed from each dissected eye, remaining retina was divided into 4-5 fragments, and retinal fragments were cultured in culture medium (Leibovitz's L15 with 10% fetal bovine serum and penicillin/ streptomycin:water = 70:30) for 5 days at 28°C. Internalization assay of GluR2 was performed as described (Lin et al., 2000) . The external GluR2 was labeled with the medium containing antiGluR2 monoclonal antibody (5 mg/mL) for 15 min at 28°C. After washing with the growth medium, cultures were incubated in the presence or absence of 100 mM AMPA for 15 min at 28°C to allow the internalization of labeled receptors. Cells were fixed with 4% paraformaldehyde/4% sucrose in phosphate-buffered saline (PBS) for 5 min and washed and blocked with PBS -1% bovine serum albumin (BSA) for 1 h. The external GluR2 receptors were labeled with Alexa 488-anti-mouse IgG in PBS-1% BSA for 1 h at 20-22°C. After washing with PBS-0.05% Tween20, the incorporated GluR2 receptors were labeled with Alexa 555-anti mouse IgG in PBS-0.05% Tween20-1% BSA. After washing with PBS-0.05% Tween20, images were analyzed using Zeiss LSM 700 confocal microscope (Carl Zeiss, Jena, Germany). The ratio of surface and internalized GluR2 receptors was quantitated by counting the number of green and red puncta in cells using ImageJ software (Abramoff et al. 2004; Schneider et al. 2012) .
Isolation of brain microdomain
Isolation of microdomain from adult zebrafish brain was performed as described (Maekawa et. al., 1999) . Tissues were homogenized in TME buffer (10 mM Tris-HCl, 1 mM MgCl2, and 1 mM EGTA, pH7.5) with 2% Triton X-100 and spun once at 900 g for 10 min to remove debris. Sucrose was added to the homogenates up to 0.8 M and the homogenates were placed at the bottom of a centrifuge tube. TME with and without 0.7 M sucrose were gently overlaid sequentially to form discontinuous sucrose gradient. The tube was spun at 70 000 g for 6 h. The lipid raft band between the top two layers was collected and precipitated by a centrifugation at 100 000 g for 1 h.
Statistical analysis
Data were analyzed using the unpaired Student's t-test preceded by F test for variances or one-way ANOVA test.
Results
Generation of zebrafish olfm1a and olfm1b double knockout The olfm1a sa221 mutant contained a stop codon at position Gln39 and Gln67 in AMZ/AMY and BMZ/BMY forms, respectively (Fig. 1a) . For the olfm1b sa157 mutant, a stop codon was located at position Gln33 and Gln61 in AMZ/ AMY and BMZ/BMY forms, respectively ( Fig. 1a and b) . The first 26 and 16 amino acids in the AMZ/AMY and BMZ/ BMY forms of olfm1a and olfm1b proteins, respectively, correspond to the signal peptides. Only short protein fragments with a length of 12, 50, 6, and 44 amino acids could be produced after cleavage of the signal peptide in olfm1a AMZ/AMY, olfm1a BMZ/BMY, olfm1b AMZ/ AMY, and olfm1b BMZ/BMY forms, respectively, suggesting that olfm1a sa221 and olfm1b sa157 mutants are the null mutants of the corresponding genes. They were crossbred to generate double null mutants of the olfm1a and olfm1b genes (olfm1 null). High throughput RNAseq revealed the presence of mRNAs encoding olfm1a and olfm1b in olfm1 mutants at reduced levels (40.7% of olfm1a mRNA and 65.4% of olfm1b mRNA relatively to those in wt samples; Nakaya and Tomarev, in preparation); however, neither olfm1a nor olfm1b proteins were detected in mutants by western blot analysis, confirming that these alleles are null mutations (Fig. 1c) . olfm1 null fish were born at a normal Mendelian ratio and showed normal body shape and fertility as well as no visible defects from larval stages to adult.
Elimination of olfm1 produces changes in pre-synaptic SNARE and post-synaptic AMPAR complexes Previous studies in mice demonstrated that Olfm1 may interact with several pre-and post-synaptic proteins including components of the AMPAR complex, teneurin-4, kidins220, Cav2.1, and synaptophysin (Nakaya et al. 2013; Schwenk et al. 2014 Schwenk et al. , 2012 Shanks et al. 2012) . To test whether olfm1 absence may affect the level of some presynaptic SNARE complex proteins and post-synaptic proteins, we compared their levels in adult brain and retina of olfm1 null and wt fish by western blotting (Fig. 2a) . Changes in the levels of tested proteins were not dramatic (if any) in both brain and retina samples and only synaptophysin and VAMP showed statistically significant elevation in the brain samples of olfm1 null compared with wt fish (Fig. 2b) . To analyze the intracellular distribution of Olfm1 in neuronal tissues, we used zebrafish adult brain since the amount of retinal tissues was limited. The brain homogenates were separated into different membrane and soluble fractions and these fractions were analyzed by western blotting. The Olfm1 protein was preferentially detected in the synaptosomal membrane LP1 fraction. It was also detected in other membrane (P3) and insoluble (P1) fractions, while soluble (S3) or synaptic vesicle fractions (LP2) did not contain detectable amounts of Olfm1 (Fig. 2c) . The presence of Olfm1 in the P1 fraction containing cell debris reflects the fact that a portion of Olfm1 could be present in an insoluble form. As expected, several tested synaptic proteins including GluR2 were also detected in the LP1 fraction, while presynaptic vesicle proteins, VAMP2 and synaptophysin, were more abundant in the LP2 fraction than in other fractions.
To test whether Olfm1 forms a complex with tested synaptic and SNARE proteins, we used the LP1 fraction from wt and olfm1 null brains for immunoprecipitation using antibodies against VAMP2 and syntaxin1 ( Fig. 2e and f) . Olfm1 was co-immunoprecipitated with both Vamp2 and syntaxin1. Since Olfm1 was not detected in the LP2 and S3 fractions (Fig. 2c) , co-immunoprecipitation of Olfm1 with synaptic and SNARE proteins indicates that it is associated with the synaptosomal membrane. The amounts of VAMP2 co-immunoprecipitated with syntaxin1 and the amount of syntaxin1 co-immunoprecipitated with VAMP2 were similar in wt and olfm1 null synaptosomal membranes ( Fig. 2e and  f) . This is in line with an observation that an increase in the VAMP2 level occurs in the synaptic vesicles of olfm1 null compared with wt samples (Fig. 2a and b) .
Olfm1 null mutation leads to reduced internalization of GluR2 and accumulation of VAMP2 in synaptic vesicle pool Next, we analyzed the distribution of GluR2 in olfm1 null synaptosomal membranes. GluR2 was co-immunoprecipitated with Olfm1 from the synaptosomal fraction of wt zebrafish as it has been previously observed in a mouse brain (Fig. 2d) . Although the functional role of Olfm1 in the AMPAR complex is not understood yet, we hypothesize that Olfm1 might be involved in the regulation of GluR2 membrane trafficking. To determine whether trafficking of GluR2 was affected in olfm1 null zebrafish, we utilized the internalization assay using zebrafish retinal explant cultures. Retinas dissected from 32 hpf wt and olfm1 null larvae were cultivated for 5 days and then internalization of GluR2 receptors with or without AMPA treatment (100 mM for 15 min) was analyzed as described in Materials and Methods. Counting of the surface (green puncta) and internalized (red puncta) GluR2 receptors demonstrated that the internalization of GluR2 in olfm1 null samples was reduced compared with control samples both in the absence and presence of AMPA, but the reduction was more pronounced in the latter case ( Fig. 3a and b) . Phosphorylation of GluR2 at Tyr 869, 873, and 876 was similar between wt and olfm1 null samples (Fig. 3c) . At the same time, the palmitoylation of GluR2 was greatly reduced in olfm1 null samples compared with wt (Fig. 3d, upper panel) . Olfm1 coprecipitated with GluR2 was also palmitoylated, implying that the palmitoylation may mediate the synaptic membrane localization of olfm1 (Fig. 3d, lower panel) . This observation indicates that olfm1 null mutation affects membrane localization of GluR2.
In addition, to investigate whether the membrane localization of pre-synaptic vesicle proteins affected in olfm1 null brain, we have analyzed VAMP2 localization in LP1 and LP2 membrane fractions ( Fig. 3e and f) The level of VAMP2 was increased in the LP2 fraction of olfm1 null brain compared with the LP2 fraction of wt brain. There was no difference in the VAMP2 levels in the LP1 fraction ( Fig. 3e  and f) . This suggests either an inhibition in the synaptic vesicle release or acceleration in the internalization of synaptic vesicle in the presynaptic olfm1 null compartment.
Olfm1 null mutation affects to synaptic microdomain formation The association of endogenous Olfm1 with brain synaptic membranes, interaction with synaptic membrane proteins, and palmitoylation of olfm1 indicate that Olfm1 may mediate localization of interacting proteins in the synaptic membrane microdomain and affect its composition. To test this hypothesis, we isolated a zebrafish brain microdomain fraction and examined the level of several proteins coimmunoprecipitated with GluR2 from the LP1 fraction as well as flotillin1, a microdomain scaffolding protein (Bodin et al. 2014) . The levels of all tested proteins (GluR2, SNAP25, Flotillin1, and VAMP2) were significantly reduced in the microdomain fraction isolated from olfm1 null brain compared with wt samples (Fig. 4a and b) . In the retina, the inner plexiform layer (IPL) was co-stained with anti-GluR2 antibody and a cholera toxin B subunit for lipid rafts to assess the localization of GluR2. In the IPL of wt fish, most GluR2 positive puncta were detected in the lipid rafts, while in olfm1 null IPL, many such GluR2 puncta were not localized in the rafts (Fig. 4c-e) . These findings indicate that GluR2 in/out cycle or the lateral trafficking in the postsynaptic membrane could be altered in the absence of Olfm1.
Discussion
Olfm1 is a highly conserved secreted glycoprotein that is preferentially expressed in neuronal tissues and whose detailed molecular mechanisms are still unclear. Here, we describe olfm1 null zebrafish as a new tool to study functions of Olfm1. There are two olfm1 genes in zebrafish and null mutations were introduced in both of them. Several knockout mouse lines for genes encoding olfactomedin domaincontaining proteins have been reported and include Myocilin (Kim et al. 2001) , Olfm2 (Sultana et al. 2014) , Olfml3 (Ikeya et al. 2005) , Olfm4 (Liu et al. 2010) , and Lphn3 (Wallis et al. 2012) . All these reported knockout mouse lines were viable and did not show gross abnormalities while a more Fig. 3 Changes in the localization of GluR2 and VAMP2 in olfm1 null retina and brain. (a) The internalization of GluR2 in olfm1 null and wt larval retinal cells in culture. Retina from 32 hpf larvae were dissected and cultured in vitro for 5 days. External GluR2s were labeled with antibodies against the N-terminal part of GluR2 and allowed to be internalized for 15 min with or without 100 lM a-amino-3-hydroxy-5-methylisoxazole-4-propionate in the culture. The external GluR2 was detected using Alexa488-secondary antibody. The internalized GluR2 was detected using Alexa555-secondary antibody after permeabilization of the cell membrane. Scale bar, 5 lm. (b) The number of green and red puncta was counted and the ratio of the internal and the total labeled GluR2 was calculated. N = 6-8 individual cultures. (c) The levels of GluR2 and phosphorylated GluR2 were slightly increased in synaptosomes isolated from olfm1 null brain compared with wt brain. (d) Reduced palmitoylation of GluR2 precipitated by anti-GluR2 antibody from synaptosomes isolated from olfm1 null brain compared with wt samples (upper panel). Note that olfm1 co-immunoprecipitated with GluR2 was also palmitoylated, indicating that Olfm1 may be associated with membranes through its lipid modification as well as its binding to other membrane-associated proteins (lower panel). HAM-untreated precipitates were used as a negative control and they show only weak signals for both GluR2 and Olfm1 (e) The level of VAMP2 was increased only in the synaptosomal LP2 fraction (synaptic vesicles) but not in LP2 (synaptosomal membrane). (f) Quantification of three independent experiments as in (f). *p < 0.05, ***p < 0.001.
detailed analysis of their phenotypes revealed a variety of morphological and behavioral defects. Similar to the above mentioned null mutants in mice, the zebrafish olfm1 null mutant is viable and did not demonstrate overt abnormalities although minor structural and functional defects were detected in the retina (Nakaya and Tomarev, unpublished) . To get insight into possible functions of Olfm1, we looked at the proteins interacting with Olfm1. It has been shown in many cases that interacting proteins or proteins forming a multiprotein complex very often are involved in the same biological processes in normal and pathological states (Barabasi et al. 2011; Ideker and Sharan 2008; Oti et al. 2006) . Several candidate proteins interacting with Olfm1 have been identified by different laboratories using different approaches and include Olfm2, Olfm3 (Nakaya et al. 2013; Sultana et al. 2011) , b-dystrobrevin (Veroni et al. 2007 ), Wif1 (Nakaya et al. 2008) , Wave1, and Bcl-xL (Cheng et al. 2007) , amyloid precursor protein (Rice et al. 2012) , and Nogo-A receptor (Nakaya et al. 2012) . Interaction of Olfm1 with AMPAR has been reported by at least three groups (Nakaya et al. 2013; Schwenk et al. 2014 Schwenk et al. , 2012 Shanks et al. 2012 ) although details of this interaction have not been investigated yet. We have previously shown that expression of mutated Olfm1 with a deletion of 52 amino acids in the central part of the protein molecule modifies interaction of Olfm1 with ligand-binding subunits of AMPAR, GluR2, and GluR4, and caused the reduction in brain volume and size of major axon bundles as well as abnormal behavior and olfactory activity (Nakaya et al. 2013) .
Expression patterns of zebrafish olfm1 and gria1-4 genes encoding GluR1-4 subunits of AMPAR overlap in both retina and brain (Hoppmann et al. 2008; Nakaya and Tomarev 2007) and are very similar to the expression patterns of corresponding genes in mammals (Dijk and Kamphuis 2004; Liu et al. 2008; Nakaya et al. 2012) . Changes in the composition of AMPARs and trafficking of their subunits may lead to changes in synaptic transmission in the retina (Casimiro et al. 2013; Henley and Wilkinson 2016) and changes in escape responses (smaller tail velocities and aberrant turning directions) (Roy et al. 2016) . It has been demonstrated that AMPARs mediate synaptic transmission from cone photoreceptors to OFF bipolar cells in zebrafish (Wong et al. 2004) . Among AMPAR core subunits, GluR2 has attracted more attention in the literature because of its pronounced effects on AMPAR trafficking and regulation of Ca 2+ permeability. Moreover, defective control of GluR2 incorporation into AMPAR was linked to neuronal pathologies (Henley and Wilkinson 2016) . The most dramatic changes in the GluR2 level between olfm1 null and wt fish were observed in the microdomain fraction which share many raft properties. The level of GluR2 was reduced together with the levels of flotilin 1, a marker of microdomains and lipid raft. Basal internalization of AMPARs was increased in raft-depleted neurons (Hering et al. 2003; Hou et al. 2008) . It was suggested that raft depletion may disrupt the subcellular targeting of a protein such as palmitoylated glutamate receptor interacting protein 1 (GRIP1) and PSD95, impairing the interaction of these proteins with GluR2 and leading to destabilization of AMPARs at the post-synaptic membrane (DeSouza et al. 2002) . Olfm1 co-immunoprecipitated with GluR2 is palmitoylated and may play a role in a stabilization of GluR2 on the membrane. The reduced palmitoylation of GluR2 in olfm1 null compared with wt fish also may contribute to the reduced level of GluR2 in the microdomain fraction. Exocytotic components such as syntaxin-1, SNAP25, and VAMP2 are associated with lipid rafts (Chamberlain et al., 2001) and our data show a reduction in their microdomain levels after depletion of Olfm1 leading to reduced internalization of GluR2 compared with wt fish.
The C-terminal domain of Glur1-4 is considered to be a platform for protein interactions essential for AMPAR trafficking and our data identify olfm1 as a novel player in this process. Moreover, available data suggest that Olfm1 is a component of the outer core of the AMPAR complex interacting with the N-terminal domain of GluR2 (Schwenk et al. 2012) . Our data support an idea that expanding the range of AMPAR-interacting proteins and elucidation of their detailed roles 'will provide a molecular basis for the extraordinary flexibility of neurons to adapt synaptic transmission in response to activity' (Henley and Wilkinson 2016) .
